It is shown that the speckle nature of electronic speckle pattern interferometry images can be reduced in quasireal time with the use of only three consecutive video images. By use of additive -subtractive phase modulation processing the technique is essentially insensitive to environmental noise, and distortion of fringes does not occur. By further removing the random speckle phase we show, using speckle statistics, that the number of dark speckles in the resulting fringe pattern is close to zero.
Researchers involved in the development of electronics speckle interferometry systems have had two long-standing goals: (1) to make these systems robust enough to be operated in noisy environments 1 and (2) to clean up the graininess of the speckle image as much as possible to get true holographic quality. 2 We recently showed that additive -subtractive phase modulation (ASPM) processing permits electronic speckle pattern interferometry (ESPI) to be used in a noisy environment and still provides a fringe visibility close to unity. 3 The ASPM -ESPI method requires the acquisition of two consecutive video frames of additive-speckle images of the same two deformed states of an object at a rate rapid enough that ambient noise is not a problem. The additive-speckle images, as expected, are of poor visibility because of the presence of the self-interference term. An interframe phase modulation is then introduced, and the two additive-speckle images are digitally subtracted to improve the fringe visibility by removal of the self-interference term. 3 Since the fringe information is acquired in a rapid analog additive sense and the slower digital subtraction process is used only to enhance the fringe visibility, this technique is essentially unaffected by ambient noise. The resulting fringe pattern, however, retains the graininess typical of speckle techniques. One can usually remove the graininess by averaging over a large number of independent images (with different underlying speckles) 4 at the expense of losing the real-time visualization advantage of this technique. In this Letter we present a simple robust technique to improve the quality of speckle images. Even though the speckle nature of the image cannot be completely removed by this method, it can be reduced substantially, thereby leading to enhancement of the image quality while retaining near-real-time visualization. The method requires fewer processing steps than the electro-optical holography system described by Stetson et al. 2 and therefore does not impose as stringent a requirement on experimental stability.
In the ASPM -ESPI setup shown in Fig. 1 the CCD camera, the vibrational stressing of a circular plate object, an acousto-optic laser shutter, and an electro-optic phase modulator are all synchronized according to the timing sequence shown in Fig. 2 . The acousto-optic modulator is used to pulse the laser so as to acquire real-time additive-speckle fringes corresponding to the maximum and minimum of the vibration cycle. A reference beam phase shift of p is applied with the electro-optic modulator between consecutive frames, as shown in the timing sequence. On subtraction of the two consecutive additive-speckle images the ASPM-ESPI fringe pattern is given by
where M is the amplitude of the displacementinduced phase, w͑x͒ is the difference between the uniform reference beam phase and the spatially random phase of the speckled object beam, and A R and A O ͑x͒ are, respectively, the uniform reference beam amplitude and the spatially randomly varying object amplitude. From Eq. (1) one sees that the speckle nature is doubly present, in the amplitude term and in the phase term, thus modulating the cosine fringe pattern in a random fashion. These random modulating terms contain no information and are generally undesirable. It is not possible to get rid of the speckle amplitude except by averaging over a large number of images with statistically independent speckle intensities that can be achieved with different illuminations or aperture functions. This obviously will be done at the expense of loss of realtime visualization. On the other hand, the speckle phase can be eliminated by use of the properties of trigonometric relations. This can be done with a minimum of images, still permitting a quasi-realtime visualization and resulting in an image that contains very few dark speckles.
To remove the speckle phase, we need only three consecutive images. The images are acquired with the following reference beam phase modulations, as shown in the timing sequence in Fig. 2: (1) a phase modulation of 0 and p applied for equal durations within the first frame, (2) a phase shift of p͞2 for the entire second frame, and (3) zero phase shifting for the entire third frame. The first image therefore corresponds only to the self-interference term, with the cross-interference term being canceled by the 0-p phase modulation of equal duration during the frame. The first image intensity is thus given by
where the intensities are related to the amplitudes through I R A R 2 and I O A O 2 . One must note that the factor 2 comes from the double-pulse technique. 3 For the second image a phase shift of p͞2 is introduced, and the intensity becomes
and for the third image with no phase shift introduced the intensity is
where the speckle phases are denoted f 2 and f 3 to provide for the possibility that they may be different from frame to frame as a result of ambient noise. Analogously to the four-step electrooptical holography (EOH) method of Stetson, 2 but now using only three images, we compute the following:
For visualization the square root of q EOH is computed, and the intensity displayed on the monitor for speckle-phase removal (SPR) becomes
If now we assume that there is no noise between the second and third frames so that the speckle phases f 2 and f 3 are the same, we find that
As we can see, the random speckle phase is removed in the above under noise-free conditions. It is important to note that, with this technique, the speckle phase must be noise free during only two consecutive images since the first image does not contain any phase information. Furthermore, although Eqs. (5) and (6) cannot be reduced to Eqs. (7) in the presence of noise and the graininess owing to the speckle phase is not completely removed, the fringes will still be visible. Under noise-free conditions the improvement that is due to the SPR technique can be clearly seen by comparison of the probability-density functions of the fringe patterns given by q ASPM and q SPR at any constant M (such that cos M is not zero). Without loss of generality we assume in the study below that cos M 1. From speckle statistics we know that the speckle intensity follows a negative exponential function and that the speckle phase is equally distributed 5 :
where ͗I O ͘ is the average intensity of the speckled object beam. If follows that, for the ASPM -ESPI fringe pattern,
and that, for the fringe pattern with the speckle phase removed,
where we have used the normalized variables
For the case of q EOH the probability-density function is the same as that given by Eqs. (8). Figure 3 shows a plot of the functions in Eqs. (9) and (10), and it can be seen that values close to zero are relatively rare when the speckle phase is removed. Also note that it is advantageous to use q SPR rather than q EOH because the negative-exponential probability-density function of q EOH has a peak near zero and therefore leads to more dark speckles, even if the speckle phase is removed. The image improvement obtained with the SPR technique is shown in Fig. 4 . As expected, the speckle is smoother than that obtained with the ASPM -ESPI technique. Also shown in this figure is the histogram corresponding to an area of the image in which no surface displacement was induced and over which therefore M is uniformly zero. The histogram can be expected to be a good measure of the probability-density function, provided that a statistically large sample area is considered. As we can see, the histogram qualitatively agrees with the theoretical distributions, thereby demonstrating that there are fewer dark speckles in the case of the SPR technique.
